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ABSTRACT 

Lines o f  the very weak Z V ,  and v1  + v, - V a  bands o f  "0, have been 

i d e n t i f i e d  i n  the 1370 t o  1440 cm" region o f  0.01-cm'' reso lu t i on  so la r  

o c c u l t a t i o n  spectra o f  the stratosphere. The spectral  data were acquired from 

o r b i t  by the  Atmospheric Trace Molecule Spectroscopy (ATMOS) Four ier  t ransform 

spectrometer dur ing the Spacelab 3 s h u t t l e  mission. I n i t i a l  asslgnments f o r  

the l i n e s  were obtained using p o s i t i o n s  ca lcu lated from accurate molecular 

constants der ived i n  recent h igh  reso lu t i on  laboratory  studies. From these 

r e s u l t s  and spect ra l  s imulat ions o f  the i n t e r f e r i n g  atmospheric absorptions, 

59 ''0, l i n e s  i n  the atmospheric spectra were selected f o r  i n t e n s i t y  

measurements using the equiva lent  w id th  technique. 

constants f o r  both bands were then deduced from the measured i n t e n s i t i e s  and 

used w i t h  the molecular constants t o  generate a complete l i s t i n g  o f  l i n e  

pos i t ions,  i n t e n s i t i e s ,  and lower s t a t e  energies usefu l  f o r  atmospheric 

appl icat ions.  The in tegrated band i n t e n s i t i e s  i n  u n i t s  o f  cm"/molecule cm-' 

a t  296 K a re  5.43 x 10'" f o r  the 2v,  band and 1.01 x lo-" f o r  the v1 + v, - 
v 2  band. 

Precise t r a n s i t i o n  moment 
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INTRODUCTION 

Because o f  the  atmospheric importance o f  ozone, the spectrum o f  "01 and 

those o f  the  l ess  t e r r e s t r i a l l y  abundant i so top i c  species have been the  

subject  o f  a number o f  recent h igh-resolut ion inves t iga t ions  i n  the microwave 

and i n f r a r e d  regions (Refs. 1-11). The i n f r a r e d  work on "0, has covered the  

regions o f  a l l  o f  the  major v ib ra t i on - ro ta t i on  bands down t o  4.8 pm: v, (14.2 

pm) (21, V a  and v, (10 run) (3, Q), vl + v2  and v2 + V a  (5.7 pm) (51, and 2vl, 

~ v S ,  and v1  + VS (4.8 pm) (ll). However, weak absorpt ion by ozone i s  a l s o  

known t o  occur near 7.1 pm. This absorpt ion was f i r s t  measured a t  low 

reso lu t i on  by McCaa and Shaw (l2) and assigned t o  the 2v, band. The 

long-path, low-pressure ozone labora tory  a t l a s  o f  Damon e t  a l .  (l3) shows t h i s  

absorpt ion a t  a r e s o l u t i o n  o f  about 0.04 cm-'. More recent ly ,  0, absorpt ion 

features have been observed between 1380 and 1430 cm-' i n  0.02 cm-' reso lu t i on  

balloon-borne so la r  o c c u l t a t i o n  spectra o f  the stratosphere. These r e s u l t s  

have been reported i n  the  September 1986 and September 1987 updates (l4) t o  an 

a t l a s  conta in ing the  observed spectra and measured 1 i ne  pos i t i ons  (15). 
I n  t h i s  work, we repo r t  the analys is  o f  0, absorpt ion features i n  the  

1370 t o  1440 cm-' reg ion of 0.01 cm-l reso lu t ion  so la r  occu l ta t i on  spectra o f  

the lower stratosphere. I nd i v idua l  l i n e s  o f  the 2v, and v1  + V a  - v, bands o f  

" O S  have been i d e n t i f i e d  us ing pos i t i ons  ca lcu lated from v i b r a t i o n a l  

energies, r o t a t i o n a l  and coupl ing constants based on previous i nves t i ga t i ons  

(2, Q, ll). 
been f i t t e d  t o  de r i ve  accurate t r a n s i t i o n  moment constants f o r  both bands. A 

complete l i s t i n g  o f  l i n e  pos i t ions ,  i n t e n s i t i e s ,  and lower s ta te  energies has 

been generated. 

I n t e n s i t i e s  o f  59 " O S  l i n e s  measured from the so la r  spectra have 
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OBSERVATIONAL DATA 

The spect ra l  data used i n  our analys is  were acquired from o r b i t  by the  

ATMOS (Atmospheric T r t c e  Molecule Spectroscopy) instrument, a high-speed 

Four ie r  t ransform spectrometer designed t o  ob ta in  measurements o f  the  Ear th 's  

upper atmosphere through h igh-resolut ion so la r  occu l ta t i on  observations 

cover ing the  2 t o  16 pm region. The spect ra l  measurements were recorded on 

A p r i l  30-May 1, 1985, dur ing  the Spacelab 3 mission. D e t a i l s  concerning the  

ATMOS instrument and i t s  operat ion dur ing Spacelab 3 are  described by Farmer 

and Raper (16) and Farmer e t  a l .  (17). 
The bas ic  components o f  the  ATMOS instrument a re  a double-passed 

Michelson interferometer,  a telescope, and a hemispherical Sun tracker,  

Dur ing each occu l ta t ion ,  the in ter ferometer  records double-sided 

interferograms every 2.2 s which, from the  Spacelab 3 o r b i t a l  a l t i t u d e  o f  360 

km, corresponds t o  successive tangent he igh t  separations o f  about 4.2 km i n  

the  upper atmosphere. I n  the lower stratosphere and troposphere, the spacing 

between tangent heights o f  successive scans i s  reduced by r e f r a c t i o n  and by 

d r i f t s  o f  the Sun t racker  f i e l d  o f  view on the  ' f la t tened"  so lar  disk, The 

maximum path d i f fe rence o f  each scan i s  47.5 an, y i e l d i n g  an unapodized 

spec t ra l  reso lu t i on  o f  about 0.01 cm". The r a d i a t i o n  i s  detected by a HgCdTe 

de tec to r  cooled t o  77 K. 

ATMOS spectra are der ived from the inverse Four ie r  t ransform o f  two-sided 

interferograms w i t h  the same cent ra l  f r i n g e  measurement. 

each wavenumber i n  the  ' ' low Sun" (atmospheric) spectra a re  subsequently 

r a t i o e d  t o  the corresponding value i n  a h igh  Sun (exo-atmospheric) spectrum t o  

The i n t e n s i t i e s  a t  

e l im ina te  so la r  fea tu res  and t o  remove the  wavelength dependence o f  the  

instrumental  response and the so la r  f lux .  Processing o f  the ATMOS spectra and 

! 

I 

the ana lys is  software w i l l  be described i n  a f u t u r e  pub l i ca t i on  (18). Tangent 
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pressures o f  the i nd i v idua l  spectra have been determined by spectral  f i t t i n g  

s u i t a b l e  temperature-independent absorpt ion l i n e s  o f  atmospheric const i tuents  

whose volume mixing r a t i o s  are w e l l  known (e.g. CO, and Na) .  D e t a i l s  

concerning the r e t r i e v a l  of pressure-temperature p r o f i l e s  from the ATMOS 

spectra w i l l  be described elsewhere (19). 
Because 0, absorption i s  very weak i n  the 7.1 pn region, i t  i s  important 

t o  use spectral  data w i t h  the h ighest  poss ib le  signal-to-noise r a t i o  and 

maximum 0, absorption. For t h i s  reason, we analyzed a s ing le  spectrum 

obtained by coadding 3 r a t i o  spectra w i th  the strongest 0, l ines.  These 

spectra are from ATMOS occul ta t ions SS03, SS07, and SS12 (SS=sunset) and were 

recorded w i t h  a f i l t e r  covering approximately 1100 t o  2000 cm-'. The 

l a t i t u d e s  and tangent heights o f  the i n d i v i d u a l  spectra ranged from 25.9"N t o  

32.3" and 22.0 and 23.5 km, respect ively.  The e f f e c t i v e  tangent he ight  o f  

the coadded spectrum i s  22.8 km, corresponding t o  a tangent pressure o f  35.7 

mbar. The r e s u l t i n g  spectrum has been apodized with the moderate (number 2) 

apodizing func t i on  o f  Norton and Beer (20) t o  reduce the sidelobes o f  the 

in ter ferometer  response function. The signal-to-rms noise r a t i o  o f  the 

coadded spectrum i s  about 400 near 1400 cm-'. The 0, absorption features are 

very weak w i t h  l i n e  center absorpt ion depths o f  about 5% o r  less. 

RESULTS 

A. L ine Posi t ions 

The r o t a t i o n a l  energy l e v e l s  o f  the (101) v i b r a t i o n a l  s t a t e  were 

ca lcu lated using the v i b r a t i o n a l  energy, and the r o t a t i o n a l  and coupling 

constants quoted i n  Ref .  11. 
r o t a t l o n a l  energy l e v e l s  obtained i n  Ref. 4 and already used extens ive ly  i n  

our previous 

I n  order t o  be consistent w i t h  the ground s ta te  
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works on 1608 (2, 5 ,  11), we have r e f i t t e d  the data on the V i  and 2va - Va 

bands as w e l l  as the  pure r o t a t i o n  t r a n s i t i o n s  i n  (010) and (020) given i n  

Ref. 1. The constants deduced f o r  the corresponding v i b r a t i o n a l  s ta tes are 

given i n  Table I. F i n a l l y  w i t h  these spectroscopic constants avai lab le,  the 

l i n e  p o s i t i o n s  o f  the 2 ~ s  and v, + v, - V a  bands were der ived from the 

ca lcu lated energy levels.  

B. Line I n t e n s i t i e s  

The equivalent width technique has been used t o  de r i ve  l i n e  i n t e n s i t i e s  

from the ATMOS spectra. Select ion o f  the l i n e s  f o r  measurement was based on 

the predic ted l i n e  pos i t i ons  and on comparisons o f  the ATMOS spectra w i t h  

synthet ic  spectra computed w i t h  a l l  known absorbing atmospheric gases other  

than 08. The simulat ions were generated assuming the spectroscopic parameters 

on the ATMOS l i n e  l i s t  ( 2 l )  and v e r t i c a l  volume mixing r a t i o  p r o f i l e s  

r e t r i e v e d  from analys is  o f  the i n d i v i d u a l  spectra from the same occul ta t ions 

(22). The primary i n t e r f e r i n g  atmospheric gases i n  t h i s  region a re  H,O and 

CHI. Using these c r i t e r i a ,  27 l i n e s  o f  0, i n  the 2Va band up t o  J = 37 and 

Ka - 8 and 32 l i n e s  i n  the v ,  + v, - v, band up t o  J = 24 and Ka = 11 

were measured. 

I n t e n s i t i e s  were der ived by matchlng the measured equivalent widths w i t h  

values ca lcu lated f o r  the same i n t e g r a t i o n  i n te rva l .  I n  these ca lcu lat ions,  

we assumed the average o f  the 0, v e r t i c a l  volume mixing r a t i o  p r o f i l e s  

r e t r i e v e d  f o r  occul ta t ions SS03, SS07, and SS12 using 0, l i n e s  appearing i n  

the 10-pm region, along w i t h  a Voigt  l i n e  shape and an air-broadened 

hal f -width o f  0.075 cm-'atm-' a t  296 K fo r  a l l  l ines.  The temperature 

dependence o f  the hal f -width was modeled using the usual power law 
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(296/T)'n w i th  n = 0.75. Corrections f o r  nonzero wing absorpt ion i n  the 

i n t e r v a l s  used t o  de f i ne  the 100% transmission l e v e l  were included. The 0, 

parameters used t o  r e t r i e v e  the 0, v e r t i c a l  p r o f i l e s  are from Ref. 3; hence, 

the present i n t e n s i t i e s  are consistent w i t h  the i n t e n s i t i e s  i n  the 10-pm 

region (vl,  v,) (Ref. A ) ,  the 5.7-pm region (v, + v , ,  V a  + V , )  (Ref. s), and 

the 4.8-pm reg ion ( Z v , ,  2 V 8 ,  v 1  + v,) (Ref. ll). 

The experimental i n t e n s i t i e s  were then reproduced using the  t r a n s i t i o n  

moment operators expanded as fol lows: 

(000)(020) ' =(-0.7870 f 0.0040)~10" 4, 
WZ 

+( 0.1720 f 0 . 0 0 8 9 ) ~ 1 0 - ~ { i @ ~ ,  Jz} 

+( 0.1810 f O . O O ~ P ) X ~ O - ~ { @ ~ ,  iJy} 

(lol)(olo) ' =(-0.7839 f 0.0098)~lO'~ eZ PZ 

+(Om154 f 0.072)~lO" 112 ({@x, iJy} - { i4y, J,}) 

Using the ca lcu lated energy l e v e l s  together w i t h  the t r a n s i t i o n  moment 

operators l i s t e d  i n  Eqs. (1) and (z), we have generated a l i s t  o f  2535 l i n e  

pos i t ions,  i n t e n s i t i e s ,  and lower s t a t e  energies f o r  the 2va and v, + V a  - v ,  

bands o f  "Oa.  

Z(296 K)  = 3473 and an i n t e n s i t y  c u t o f f  o f  0.1 x 10'" cm''/molecule cm-' a t  

296 K, w i t h  maximum values o f  55 f o r  J and 13 f o r  Ka. Tota l  band 

i n t e n s i t i e s  o f  0.543 x and 0.101 x 10'" cm-'/molecule cm" a t  296 K 

were obtained respec t i ve l y  f o r  the 2v ,  and v, + V ,  - v, bands o f  " 0 s .  No 

previous i n t e n s i t y  measurements have been reported f o r  these bands. 

The ca lcu lat ions were performed using a p a r t i t i o n  func t i on  

Figures 1 and 2 show comparisons o f  the ATMOS and ca lcu lated spectra i n  

two d i f f e r e n t  narrow spectral  in terva ls .  I n  a l l  cases, the measured features 



9 

o f  the  20, and v, + Va - va band are reproduced very w e l l  by the  

ca lcu lat ions.  There are t number o f  very weak unassigned absorpt ion l i n e s  

occuring i n  the 1370 t o  1440 cm-’ region, f o r  example, the fea tu re  marked by 

u?‘ i n  Fig. 2, i n d l c a t l n g  the need f o r  f u r t h e r  improvement i n  the  l i n e  

parameters f o r  t h i s  i n te rva l .  

Using the  constants i n  our Table I and i n  Ref. (11), a l i s t i n g  o f  l i n e  

parameters f o r  the 2vl - va and 2va  - v ,  bands o f  “01 was a l s o  generated. 

Although a few coincidences between the predic ted l i n e s  and u n i d e n t i f i e d  weak 

features were noted, i t  was not  possible t o  unambiguously i d e n t i f y  e i t h e r  band 

i n  the ATMOS spectra. 

F i n a l l y ,  i t  should be emphasized t h a t  the absolute i n t e n s i t i e s  ca lcu lated 

here f o r  t he  2v, and v, + V a  - v a  bands have been c a l i b r a t e d  against  the 

i n t e n s i t i e s  f o r  the V I  and v, bands i n  the 1O-prn region (4) which have been 

obtained assuming the value o f  (apt/aq,)e = -0.2662 D (see Ref. 4). 
t h i s  value i s  t o  be changed, a l l  o f  the i n t e n s i t i e s  reported i n  t h i s  study and 

i n  Refs. (4, 5 ,  11) w i l l  have t o  be m u l t i p l i e d  by the square o f  the r a t i o  o f  

the (ap,/aq,)e values (modif ied d iv ided by the Ref. 4 value). 

parameters computed i n  t h i s  study w i l l  be made ava i l ab le  f o r  i n c l u s i o n  i n  

updates t o  the ATMOS l i n e l i s t  (2l) and the HITRAN (high-resolut ion 

transmission molecular absorption) database (23). 

I f  

The l i n e  
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TABLE I 

e 

V ibrat ional  energies and rotat ional  constants i n  cm-I f o r  the (010) and 
(020) vlbrat ional  s tates  of "01 

v=(OlO) V= (020) 

700.931056 f 0.000017 

AV 3.60709296,, f 0.00000032 

BV 0.444021809,, f 0.000000041 

cv 0.39243911316 f 0~000000038 

A i  ( 0.2327460,, f 0.0000065)~10'~ 

AYK (-0.1790036, f 0.000056)~lO" 

A: ( 0.457106,, f 0.000032)~10" 

6; ( 0.38893,, f o~ooo10)X10'6 

6: ( 0.692601,, f 0.000040)x10'' 

1399.27263 f 0.00005 

3.6624061,, f 0.0000014 

0.44274468,, f 0.00000016 

0.39007213,, f 0.00000014 

( 0.25607706 f 0~000083)~10" 

(-0.17211,, f 0.00038 )~10'~ 

( 0.46006,, f 0.00019 )X10'6 

( 0.4589946 f 0.00087)~lO" 

( 0.68636,, f 0.00043)~10-' 

f O.O0069)x10'' 

f 0.00057)~lO'~ 

f 0.071)xlO'" 

f 0.007O)~lO'~ 

f 0.0053)xlO" 

f 0.0058)~lO'~~ 

( 0.6101, 

(-0.2541,, 

( 0.185,6 

( O.ll8,, 

( 0.477,0 

(-0.26, I )  

f 0.014)~lO'~ 

f 0.0066)xlO" 

f 0.096)~10'~~ 

f 0.069)xlO'" 

f 0.073)~lO'~ 

f o.lo)xlo'lo 
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hy ( 0.1868,. f 0.0016)~10'~* ( 0.238,, f 0.036)~10'~* 

(-0.338,' f 0.093)~lO"~ L i  (-0.1581.. f 0.0029)~lO'~~ 

L& J ( Oo4796 4 

1; ( 0.636,1 f 0.075)x10-" 

P i  ( 0.49801 f 0.040)~10-~ ( 0-4010 f 0.20)x10-" 

f o.014)x10'1 * 

1ij ( 0.38297 f 0.018)xlO" a 

(-0.9510 f 0.29)x10-1* 
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FIGURE CAPTIONS 

Figure 1. ATMOS ( s o l i d  l i n e )  and simulated (dotted l i n e )  spectra i n  a narrow 

i n t e r v a l  containing a number o f  t r a n s i t i o n s  o f  the v1  + v, - v ,  and 

2v,  bands o f  "0,. The measured i n t e n s i t i e s  have been normalized 

t o  the highest value i n  the In terva l .  Note the expanded v e r t i c a l  

sca l i ng  o f  the p l c t ;  only the upper 4% o f  the spectrum i s  shown. 

Figure 2. ATMOS ( s o l i d  l i n e )  and simulated (dotted l i n e )  spectra i n  a narrow 

i n t e r v a l  containing a number o f  R branch t r a n s i t i o n s  o f  the 2 v ,  

band o f  ''0,. The measured i n t e n s i t i e s  have been normalized t o  the 

highest value i n  the i n te rva l .  Note the expanded v e r t i c a l  sca l ing 

o f  the p l o t :  on ly  the upper 30% o f  the spectrum i s  shown. 

St ratospher ic  l i n e s  o f  HDO and CH, are marked. 
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L I S T  OF TABLES 

Table I .  Vibra t iona l  energies and r o t a t i o n a l  constants f o r  the (010) and 

(020) v ibra t iona l  s tates  o f  ''0,. 
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LIST OF SYMBOLS 

v - lower case Greek nu 

p - lower case Greek mu 

A - upper case Greek d e l t a  

6 - lower case Greek d e l t a  

0 - lower case Greek phi 

a - symbol f o r  p a r t i a l  der ivat ive 


